Dynamic interferometry is a highly sensitive means of obtaining phase information that can determine phase at rates of a few measurements per second. The sensitivity of these phase-measurement instruments is on the order of thousandths of a wavelength at visible wavelengths enabling the measurement of small temperature changes and thermal fields surrounding living biological objects. Temperature differences are clearly noticeable using a visible wavelength source because of subtle changes in the refractive index of air due to thermal variations between an object and the ambient room temperature. Living objects can also easily be measured over a period of time to monitor changes as a function of time. This technique has many promising applications in biological and medical sciences for studying thermal fields around living objects. In this paper we compare differences in thermal fields measured with dynamic phase-measuring interferometry surrounding room temperature and body temperature inanimate objects as well as living biological objects at data rates of many measurements per second.
INTRODUCTION
Biofields are fields surrounding living biological objects. 1 They can have thermal, photonic, magnetic and electromagnetic components. 2 The research presented in this paper has grown out of a desire to develop instrumentation to measure fields around living objects to support research in complementary and alternative medicine (CAM). 3 In particular, our interest is to develop techniques to detect subtle changes in biofields that can be linked to state of health in humans.
For this work we are using dynamic interferometry as a means of looking at thermal fluctuations around living biological objects. Since interferograms are sensitive to subtle changes in refractive index between the object and reference beams, dynamic interferometry provides real-time sensitive measurements that can be tracked over time. The work presented in this paper shows a proof of concept of this technique for real-time measurements of thermal biofields close to and surrounding biological objects.
DYNAMIC INTERFEROMETER
Dynamic interferometry is a highly sensitive means of obtaining phase information that can take phase data at rates of multiple frames per second. 4, 5 Dynamic interferometry techniques enable taking all necessary interferometric data simultaneously to determine phase in a single snapshot. [6] [7] [8] These instruments have been designed with the purpose of measuring phase data in the presence of vibration and air turbulence. 9, 10 Interferograms can be captured in "real" time. Turbulence in the area near an object can be "frozen." Flows and vibrational motion can be followed. 11 Quantitative phase maps can be obtained over a time series to create movies ("burst" mode) of the optical path (OPD) variations over time due to a living biological object.
The specific type of dynamic interferometry used for this study is a spatial multichannel phase-measurement technique. 12 Multiple duplicate interferograms are generated with different relative phase shifts between the object and reference beams. These interferograms are then recorded using either a number of separate cameras or by multiplexing all of the interferograms onto a single camera. These interferometers are well suited for studying objects that are not vibrationally isolated or that are dynamically moving. They are able to "freeze" the motion of an object to obtain phase and surface height information as a function of time. Commercial systems utilizing this type of phase measurement are manufactured by 4D Technology Corporation, 13 Optical Device Engineering Corporation, 14 and ADE Phase Shift. 15 The system used for this study was a PhaseCam TM from 4D Technology. 16, 17 A schematic of the 4D Technology PhaseCam is shown in Fig. 1 below. A single mode polarized HeNe laser beam is expanded and collimated to provide illumination coupled in by a polarization beam splitter. Quarter-wave plates are used to set orthogonal polarizations for the object and reference beams. The object beam is further expanded, collimated and directed at a return mirror. The cavity between the collimating lens and the return mirror is where the objects were placed for this study. When the object and reference beams are recombined inside the interferometer, the polarizations are kept orthogonal. The combined beams pass through optical transfer elements providing imaging of the return mirror onto the high-resolution camera. A holographic optical element duplicates the beams into four copies of the interference pattern that are mapped onto four quadrants of the camera (see Fig. 2 ). A phase plate consisting of polarization components is placed in front of the camera to provide a different relative phase shift between the object and reference beams in each of the four quadrants of the image plane. Phase values are determined modulo 2 at each point in the phase map using the standard 4-frame algorithm (see Fig. 2 ).
18
This calculation does not yield absolute phase differences in the object cavity. The arctangent phase calculation provides modulo 2 data requiring that phase values be unwrapped to determine a phase map of the relative phase difference between the object and reference beams. 19 If data frames are tracked in time, and the phase values do not jump by more than a half of a fringe between frames of data, it is in theory possible to track the relative phase differences dynamically (also known as unwrapping in time). The version of the software used for this study unfortunately did not yet have the capability of unwrapping the phase in time.
Because the interferograms are multiplexed onto different quadrants of the image plane, care needs to be taken to determine pixel overlap of all the interferograms, to remove spatial optical distortion and to balance the gain values between interferograms. In practice, when measurements are taken, a reference file is generated from an average of a large number of frames of data with an empty cavity and subtracted from subsequent measurements to provide a null. Dynamic variations in the object cavity can be monitored by taking a "burst" of data comprised of a user-selectable number of data frames with a fixed time delay between frames. This lets us follow dynamic motion as a function of time. The sensitivity of phase-measurements taken with this instrument is on the order of thousandths of a wavelength at the visible HeNe wavelength (633 nm). This sensitivity enables the measurement of small temperature changes and thermal fields surrounding living biological objects.
HYPOTHESES AND BACKGROUND
The human body emits thermal radiation as well as light as part of basic metabolic processes. Biophoton emission from hands and other body parts have been measured with photomultiplier tubes by many researchers. 20, 21 The results of Cohen and Popp 20 show that the emission varies depending upon state of health, position on the body, time of day, and time of the year. However, because of the nature of PMTs, images cannot be obtained to generate detailed emission maps. Recently, we have demonstrated that detailed images of biophoton emission can be obtained utilizing cooled, low-noise CCD cameras with exposure times on the order of minutes.
22 Figure 3 shows images of the first author's hands taken by the second author using a cooled, highly sensitive silicon CCD camera with 10-minute exposures in total darkness. The Princeton Instruments VersArray 1300B camera was hardware binned providing 67x65 pixels with each pixel having a 400µm square sensing area. Note that the fingertips emit more biophotons than say the back of the hands, and the palms of the hands are in between. These images show great detail, but they do not enable us to look at dynamic changes on shorter time scales.
For the study presented in this paper we focused on looking at the difference between room temperature and body temperature objects and compared these to a human finger. The human body dynamically emits thermal energy. This thermal energy relates to metabolic processes. We hypothesize that the thermal emission from the human body is dynamic and cycles with time constants related to blood flow and respiration. These cycles create small bursts of thermal energy that creates convection and air currents. We have termed these subtle air currents generated by the human body "microbreezes". The thermal variations of these microbreezes modulate the refractive index of the air path. Because dynamic interferometry can measure subtle changes in refractive index and thereby measure air currents and microbreezes, we hypothesize that this technique will enable us to visualize the thermal aura around human body parts such as a finger tip, and furthermore that we will be able to quantify the relative variations over time. Fig. 3 . Top images are 10-minute exposures taken in total darkness using 20x20 binning with a Princeton Instruments VersArray 1300B camera cooled to -100°C. These images represent biophoton emission (biological chemiluminescence) generated within the body as part of normal biological metabolic processes. Bottom images are 10ms exposures taken with white-light illumination.
METHODOLOGY AND RESULTS
The dynamic interferometer was set up as shown in Fig. 4 . The object cavity between the collimating lens and the return mirror was enclosed with a cardboard tube except for an approximately 3cm space to place the object in the beam. This limited ambient air currents from affecting the measurements as much as possible. 
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A reference data set was taken with no object present that was the average of 30 single measurements taken in a single burst. The phase maps were evaluated and averaged after all the data were taken. The reference data set was subtracted from all subsequent measurements to remove variations across the field due to the interferometer itself and create a null cavity when no object was present. Figure 5A shows the empty object cavity scaled from -0.05 to +0.05 waves OPD (optical path difference between object and reference beams). Bright areas (yellow) are warmer than dark areas (dark blue). The phase maps are presented and scaled with a zero mean. Variations in this phase map are due to subtle air currents. Figure 5B shows a blast from a can of canned air. Note that the turbulence is easily frozen in time and that the canned air is cooler than the background air. Figure 5C shows the effect of a candle flame below the object beam. The area heated by the candle flame is obviously brighter than the darker ambient air temperature. These images are scaled from maximum to minimum with a zero mean. Because they are relative measurements we cannot get absolute temperature information. We can, however, determine relative changes in refractive index due to temperature variations. The next set of measurements compares objects at different temperatures as well as an inanimate object to a living object at the same temperature. Figure 6A shows a screwdriver handle approximately 2 cm across at room temperature. These images are scaled from -0.05 to +0.05 waves OPD with a zero mean to compare with Fig. 5A . The presence of the room temperature screwdriver handle does not appear to thermally affect the air path at all. However, when the screwdriver handle is warmed up to body temperature and placed in the beam, there is obviously a thermal gradient around it (Fig. 6B) . Figure 6C shows a finger of the second author placed in the beam. Note that the thermal gradient around the finger is similar to that around the body temperature screwdriver handle. The differences between these two objects are mainly in the surrounding "halo".
(A) (B) (C) To observe these objects dynamically, movies were recorded of the interference patterns and then phase maps were processed after the desired number of data frames was taken. The only limit to the number of data frames that can be taken in a single "burst" is limited by the space to store the interferogram images. Figure 7 shows 10 consecutive phase maps taken of the body temperature screwdriver handle. Each exposure was a standard video frame. The ten frames of Fig. 7 represent less than a second of total elapsed time. For each phase map, the software displays the data as zero mean and the phase scale is set from -0.10 to +0.10 waves OPD. Note that there is very little difference as a function of time in the field around the warm screwdriver handle. Proc. of SPIE Vol. 5531 29
The most noticeable variations are near the tip of the finger. When watched as a movie, these frames show motion of the air currents around the tip of the finger that corroborate our hypotheses of thermally emitted microbreezes. This dynamic motion is not noticeable around the end of the screwdriver handle when Fig. 7 is observed in movie mode. Another difference is the dynamic changes in the thermal gradient along the right side of the finger. This halo expands and contracts as a function of time. Again, this type of motion is not visible around the body temperature screwdriver handle.
DISCUSSION
The sensitivity of these phase measurements shows that our eye can easily discern 0.01 waves difference in OPD.
Calculations can further extend the repeatability to have a sensitivity of around 0.001 waves. The refractive index of air is roughly 1.003 and is dependent upon temperature, pressure, humidity, CO 2 quantity and wavelength. These dependencies have been studied extensively for accurate distance measurements using light. 23 Operating with an interferometric measurement sensitivity on the order of 0.001 waves, variations of 1 part in 10 4 of refractive index can be resolved. As seen in the phase maps presented here, this type of variation is apparent in the fields around the human finger and can be extrapolated to be present around other living biological objects. Since we are interested in dynamic changes and not absolute values, we feel that this technique shows promise for tracking dynamic changes in thermal fields around biological objects.
The main limitation of the method used in this study is that the software in its current incarnation does not enable unwrapping the phase in time. This would enable tracking a specific air current over time and enable determination of the refractive index (or OPD changes) between frames of phase data. This type of calculation could be invaluable for a number of different applications such as modal analysis and mapping of air turbulence in a telescope dome. Dynamic interferometry is relatively new. The first dynamic interferometers were designed simply to get around vibration and air turbulence issues. As the field is evolving it is becoming apparent that dynamic interferometry has a huge advantage over standard phase measurement interferometry by being able to follow dynamic motions and capture dynamic events. A survey of vendors of dynamic interferometers indicates that they are in the process of incorporating this type of analysis into their products. It is anticipated that in the not too distant future dynamic analysis and visualization of motions and flows will be the industry standard.
CONCLUSIONS
Interferometry is sensitive enough to measure the difference in temperature gradients around objects of different temperatures. Adding the dynamic capability of short exposures capturing multiple interferograms simultaneously enables freezing effects of air currents in time. With the ability to capture movies of dynamic events, air currents, flows and dynamic motions can be tracked.
Our preliminary studies presented in this paper clearly show that it is possible to discern the difference between objects at different temperatures by looking at the gradient of the phase map around the object. This experiment has also shown that there is a difference in the dynamic air currents and temperature gradients around living biological objects and inanimate objects at the same temperature. Adding the dimension of time enables the study of subtle changes as a function of time. This type of measurement will enable the study of the dynamics of thermal emission from the human body. We anticipate that dynamic interferometry will enable the correlation of dynamic biofield measurements of thermal microbreezes to variations in metabolic function such as heart rate, respiration and EEG.
